To determine the effects of hypothermia and rewarming on changes in the villus microcirculation induced by intestinal ischemia-reperfusion (I/R).
Summary Background Data
The small intestine is extremely sensitive to I/R injury, and although hypothermia can reduce cellular injury, its capacity to influence the villous microcirculation after intestinal I/R is unclear, especially after the return to normothermic conditions.
Methods
Core body temperature of PVG rats was maintained at either 36°to 38°C (n ϭ 12) or 30°to 32°C (n ϭ 24) and then subjected to 30 minutes of intestinal ischemia. A subgroup of hypothermic animals (n ϭ 12) were returned to normothermic conditions 120 minutes after clamp removal. The mucosal surface was visualized in an exteriorized ileal segment and macromolecular leak (MML) and leukocyte adhesion were monitored using in vivo microscopy (n ϭ 6 in each group). MML from individual villi and numbers of adherent leukocytes within villi were determined for 2 to 4 hours after clamp removal. Heart rate and mean blood pressure were monitored in all animals. Control animals underwent sham surgery (n ϭ 12).
Results
Ten of 12 normothermic animals failed to survive the reperfusion period, whereas all hypothermic animals and 11 of 12 of the hypothermic animals that were returned to normothermic conditions survived. MML was significantly increased in all animals subjected to I/R, although leakage was more marked in animals subjected to continuous normothermia. Enhanced leukocyte adhesion and decreased blood flow were observed only in normothermic animals.
Conclusions
Hypothermia might prove to be an effective strategy for preventing adverse side effects in clinical settings in which intestinal I/R can be predicted.
Ischemic injury to the small intestine can result from a number of clinical procedures, including thoracoabdominal aortic aneurysm repair and cardiopulmonary bypass, in addition to being an inevitable consequence of small bowel transplantation. [1] [2] [3] [4] The intestinal mucosa is extremely sensitive to ischemia-reperfusion (I/R) injury, and even short periods of ischemia can induce substantial local tissue dam-age with the potential for other problems, including the development of remote organ damage and systemic shock. [5] [6] [7] A better understanding of the factors contributing to loss of tissue integrity after intestinal I/R and strategies for the preservation of the vasculature within the villi is crucial for maintaining effective absorptive and barrier functions.
The response to ischemia is biphasic, with the reperfusion phase being more detrimental and leading to an exacerbation of the original ischemic damage. 8, 9 Key factors in the pathophysiology of I/R injury include endothelial activation and the upregulation of cell adhesion molecules during the ischemic phase, and an increase in leukocyte adhesion and vascular resistance in the tissue microcirculation during reperfusion. 10 Leukocyte adhesion in the reperfusion phase is accompanied by the release of reactive oxygen metabolites and the secretion of proteases such as collagenase and elastase. [11] [12] [13] The ensuing inflammatory process increases vascular permeability and promotes the extravasation of circulating leukocytes.
Strategies for ameliorating I/R damage have primarily focused on inhibiting leukocyte adhesion. However, it is well recognized that decreased temperatures reduce cellular metabolism, enzyme activity, and energy consumption. Systemic or local tissue cooling has therefore proved to be beneficial in both cerebrovascular and cardiovascular surgery. 14, 15 Despite these demonstrated benefits, the effects of hypothermia on the microcirculatory disturbances associated with intestinal ischemia have not been investigated.
The effects of I/R injury on the mesenteric and submucosal microcirculation have been reported in a number of in vivo studies, with the suggestion that leukocyte adhesion within submucosal vessels is responsible for damage to the overlying layer. 16 -18 However, tissue injury after intestinal ischemia is preferentially localized to the mucosal villi, with the underlying submucosal layers being relatively unaffected. 19, 20 It is therefore more likely that leukocyte adhesion and loss of vascular integrity within the mucosal microcirculation itself contributes to villus damage. This study used fluorescent in vivo microscopy to evaluate the effects of hypothermia on leukocyte adhesion and vessel leakage in the villus microcirculation after intestinal I/R, and the influence on animal survival. We also determined whether a period of hypothermia could elicit beneficial responses in animals subsequently restored to normothermic conditions. This latter approach is important for evaluating the potential clinical applicability of this strategy for preventing the consequences of intestinal ischemia.
METHODS

Animals
All studies were performed using adult male PVG rats (Harlan, UK) weighing 250 to 300 g. Animals were assigned to one of four groups, each of which comprised a total of 12 animals: group 1-normothermic I/R (36°-38°C throughout experiment, 150 minutes); group 2-hypothermic I/R (30°-32°C throughout experiment, 150 minutes); group 3-hypothermia I/R (30°-32°C, 150 minutes), followed by normothermia (36°-38°C, 120 minutes); and group 4 -normothermic, non-I/R sham controls (36°-38°C throughout experiment, 150 minutes).
Animals were fasted overnight before experimentation and housed individually in wire-bottomed cages to prevent coprophagy. Experimental procedures were carried out with appropriate Home Office approval (PPL 40/1787) and in accordance with the Animals (Scientific Procedures) Act of 1986.
Animal Preparation
The preparation of animals for in vivo microscopy and the collection and analysis of data have been detailed previously. 21 Briefly, animals were anesthetized with a subcutaneous injection of diazepam (5 mg/mL, Dumex Ltd., UK) and Hypnorm (fentanyl citrate 0.315 mg/mL and fluanisone 10 mg/mL, Janssen Pharmaceutical Ltd., UK) in a ratio of 1:1 in a volume of 0.1 mL/100 g body weight. Additional anesthesia was administered as required. A cannula placed in the left carotid artery monitored mean arterial blood pressure and heart rate and also provided access for the administration of fluorochromes. Animals were allowed to stabilize for a period of 30 minutes after anesthesia and monitoring had been established.
Experimental Protocol
The core body temperature of I/R animals subjected to hypothermia was lowered to 30°to 32°C within 15 minutes before experimentation using a cooling fan. In group 2, hypothermia was maintained throughout the 30 minutes of ischemia and 120 minutes of reperfusion. In group 3 animals were rewarmed using a heating pad. Rewarming commenced after 90 minutes of cold reperfusion, and the body temperature returned to 36°to 38°C within 30 minutes. The core body temperature of sham control (group 4) and normothermic I/R (group 1) animals was maintained at 36°to 38°C throughout the experiment.
The superior mesenteric artery was identified and isolated at laparotomy in all three I/R experimental groups, and the vessel was occluded for 30 minutes with a nontraumatic vessel clamp. Sham control animals underwent laparotomy alone. In all animals, including the sham controls, a segment of ileum was exteriorized, and the mucosal surface was exposed by making a 20-mm incision along the antimesenteric border with an electric microcautery.
Macroscopic evidence of patchy necrosis and hemorrhage along the entire length of the intestine was apparent immediately after clamp removal in normothermic animals (group 1), and microscopically these areas were associated with blood flow stasis. This patchy appearance is consistent with previous findings that totally denuded villi can be adjacent to overtly normal villi. 20 Given the patchy response, the incision to allow observation of the mucosal surface for observation in animals subjected to intestinal ischemia was always made in a viable area to allow the effects of I/R injury in an area of reflow to be assessed.
A glass microscope slide was mounted on Perspex pegs of a specially designed animal board, onto which the small intestine was gently extended and held in place with stay sutures. The mucosal surface was visualized by opening the incision using microclamps, and the small bowel preparation was covered with an impermeable membrane (Saran wrap) to prevent dehydration.
Fluorescent In Vivo Microscopy
The animal, warming pad, and Perspex board were transferred to the stage of a Nikon Optiphot-2 microscope (Nikon, UK) equipped with a mercury arc lamp for epi-illumination fluorescent light microscopy. Images were acquired using a charged-coupled device camera (CCD, Hitachi, UK), displayed on a high-resolution monitor (Sony PVM-1443; Sony, UK), and recorded on video (Sony SLV-373-UB; Sony, UK) for off-line analysis. The final magnification of the images on the monitor was ϫ590.
After release of the clamp in the I/R groups, or at the equivalent time point in the control group, animals received either fluorescein isothiocyanate conjugated to bovine serum albumin (FITC-BSA; 0.2 mL/100 g body weight; n ϭ 6) or acridine orange (0.1 mL/100 g body weight, n ϭ 6) as a bolus injection via the carotid cannula. FITC-BSA allows visualization of blood flow, and microvascular permeability to macromolecules (macromolecular leakage [MML]) appears as a fluorescent flare in the interstitium. Acridine orange labels leukocytes and allows their adhesion/retention in the microvasculature to be monitored. MML, blood flow, and leukocyte adherence were assessed in two separate areas of the exposed mucosa. Recordings were taken every 15 minutes after the administration of fluorochromes for a period of 2 hours in groups 1, 3, and 4 and for 4 hours in group 2, where hypothermic animals were subsequently rewarmed.
Quantification of Macromolecular Leakage
The leakage of FITC-BSA from the vessels was measured by mapping out an area of interest adjacent to up to four individual villi on the video screen. Interstitial fluorescence at each time point during the experiment was measured using computerized analysis (Capiscope, KK Research Technology Ltd., UK), and the recorded image was stored as a palette of 255 gray levels. The mean of the gray levels alongside the four individual villi was determined and arbitrary values for leak were derived. An increase in fluorescence represents a proportional increase in leak. 22 Blood flow in the mucosal vessels was assessed qualitatively.
Quantification of Leukocyte Adhesion
The number of leukocytes adherent to the endothelium of up to four individual villi (~400 -500 m in length) was determined from the recorded videos. A leukocyte was considered to be adherent if it remained stationary for at least 30 seconds. Data are expressed as the number of adherent leukocytes per villus at each time point. Leukocytes that had emigrated to the interstitium but remained in close proximity to the capillaries were often difficult to distinguish from those that were adherent within the blood vessel. Therefore, both subpopulations of stationary leuko-cytes were regarded as adherent in this study. The difficulty in distinguishing these adherent leukocyte populations resulted primarily from images being obtained from thick tissue, the small diameter of the capillaries, and the presence of the mucosal surface in different focal planes.
Statistical Analysis
In the experimental and control groups, MML was compared using the Kruskal-Wallis and then the Mann-Whitney test for unpaired, nonparametric data. Heart rate, blood pressure, and leukocyte adherence before and at given time points during the experiments were compared using analysis of variance followed by a two-tailed Student t test. All data are expressed as mean Ϯ standard error of the mean. Results were considered to be of statistical significance when P Ͻ .05.
RESULTS
Survival
Eleven of the 12 control animals (group 4) survived the experimental period, whereas 10 of the 12 animals that were subjected to intestinal ischemia during normothermic conditions (group 1) died (Fig. 1) . The majority of animals in this group died after 90 minutes, with respiratory distress being a common feature. In contrast, all 12 animals subjected to ischemia under hypothermic conditions (group 2) survived the 2-hour reperfusion period with no evidence of respiratory distress. Eleven of the 12 hypothermic animals that were subsequently rewarmed (group 3) also survived the 4-hour reperfusion period, and there was no evidence of respiratory distress in these animals at any time point.
Heart Rate and Blood Pressure
Heart rates in the control and normothermic ischemia groups were similar, but progressively increased during the course of the experiment (Fig. 2) . Heart rate in the hypothermic animals in the reperfusion period was significantly lower than that in both the control and normothermic ischemia animals (P Ͻ .05). Rewarming of hypothermic animals increased the heart rate to that observed in controls.
Clamping of the mesenteric artery induced a transient increase in the mean arterial blood pressure (mBP; 103.0 Ϯ 3.4 mm Hg to 124.0 Ϯ 2.6 mm Hg; P Ͻ .001) in the warm ischemia group. mBP returned to baseline levels after 15 minutes of warm ischemia, at which level it remained until 60 minutes after reperfusion. Thereafter, mBP decreased significantly, and 10 of the 12 animals in this group died within 2 hours of reperfusion. Because the vascular disturbances in animals subjected to warm ischemia occurred immediately after reperfusion, it is likely that this was induced by, rather than resulted from, the decreased blood pressure observed after 75 minutes of reperfusion. mBP was maintained at baseline levels throughout the experiment in Vol. 236 • No. 1 control animals and in both groups of animals subjected to hypothermia.
Blood Flow
Mucosal blood flow was rapid and stable throughout the experimental period in control animals, with homogeneous blood flow observed in all areas of interest and also within the individual villi themselves. Blood flow in normothermic I/R animals was comparable to controls immediately after reperfusion but declined toward the end of the experiment, and complete cessation of flow often occurred before the animal died. When observed, complete cessation of flow was present in all villi within that area, indicating that the effect of I/R on capillary perfusion was homogenous within the region and individual villi under observation. There was no apparent reduction in blood flow in the animals subjected to hypothermia. 
Macromolecular Leakage
Vascular integrity was maintained in control animals, with no increases in interstitial fluorescence surrounding the villi observed during the experimental period (Figs. 3,  4) . Interstitial fluorescence increased from a gray level of 138.2 Ϯ 10.0 at 10 minutes to 220.57 Ϯ 27 at 90 minutes in animals subjected to warm ischemia (P Ͻ .01). MML was both rapid and sustained at all time points, and hemoconcentration and congested capillaries were observed in a number of areas. Although MML also increased in hypothermic animals and peaked at 75 minutes (195.2 Ϯ 14.8; P Ͻ .01), this was not as rapid, nor of the same magnitude, as that observed in the warm ischemia group. MML remained elevated but stable in hypothermic animals that were subsequently rewarmed, but did not approach levels observed at earlier time points in normothermic animals.
Leukocyte Adhesion
Only occasional adherent leukocytes were observed within the villi of control animals throughout the experimental period (Figs. 5, 6 ). I/R during normothermic conditions induced a rapid, sustained, and significant increase in leukocyte adherence within both the mucosal capillaries and the supplying arteriole (P Ͻ .01). Although leukocyte adhesion was also observed in the hypothermia groups, this was not only delayed but also of significantly lower mag-nitude than that observed after warm ischemia. Leukocyte adhesion did not increase on rewarming.
Villus Morphology
Acridine orange also allowed villus morphology to be observed. There was a thick epithelial layer of cells surrounding the supplying arteriole and capillaries in the villi of control animals (see Fig. 5 ), and a similar morphologic appearance was observed throughout the experimental period in both groups of animals subjected to hypothermia. Healthy villus architecture was lost within 15 to 30 minutes of reperfusion in warm ischemia animals, and the epithelial layer became very thin or absent. The villi within hemorrhagic areas of this group were often denuded.
DISCUSSION
This is the first in vivo study to show that whole-body hypothermia inhibits mucosal villus microcirculatory disturbances and prevents the deaths associated with warm intestinal I/R injury. Further, protection is maintained after the restoration of normothermic conditions, suggesting that responses elicited during the ischemic and early reperfusion phases are responsible for the observed microcirculatory and systemic effects.
The mechanism by which hypothermia reduces I/R-in- duced tissue injury and death is unclear, but several possibilities exist. The function of adhesion molecules is temperature-dependent, and protection may therefore be related to the reduction of leukocyte adhesion. 23 Hypothermia has also been shown to suppress lymphocyte function 24 and to reduce vasoconstriction of supplying arterioles during ischemia of the rat cremaster muscle. 25 The postischemic intestine releases proinflammatory molecules such as hydrogen peroxide, superoxide radicals, and cytokines (tumor necrosis factor-␣) into the portal and systemic circulation. As a result, circulating neutrophils are primed, and their sequestration in organs susceptible to neutrophil-mediated injury, such as the lungs, induces remote organ damage and the potential for multiple organ failure. 7, 26, 27 Hypothermia reduces the production of reactive oxygen metabolites by leukocytes and has been shown to decrease the production of proinflammatory thromboxanes and increase the synthesis of prostaglandins in burn injuries. 28, 29 Although hypothermia significantly reduced the adhesion of leukocytes to the endothelium, it had little effect on MML, suggesting that the protective effects of hypothermia were less dependent on the maintenance of tissue integrity. This is in contrast to a previous study in which hypothermia was observed to reduce thermal injury-induced leakage in a guinea pig model of dorsal scald burns. 30 The differences have yet to be explained but may be related to the severity of injury induced in the two experimental systems.
Animals subjected to warm I/R appeared to suffer from respiratory distress during the latter phases of the reperfusion stage, and it is likely that pulmonary injury was re-sponsible for the high death rate in this animal group. This proposition has been supported by a previous study in the same experimental model that showed the presence of collapsed alveoli having thick interstitial walls resulting from a dense neutrophilic infiltrate in the lungs of animals subjected to intestinal ischemia (Kalia et al., manuscript submitted). The decreased surface area available for gaseous exchange most likely accounts for the respiratory distress observed in these animals.
Hypothermia can have adverse effects. It may reduce blood flow within the microcirculation and increase blood viscosity and hematocrit. These effects may, therefore, to some extent at least, counteract the benefits of hypothermia at a cellular level. Clinically, moderate hypothermia (20°-25°C) may increase the risk of perioperative arrhythmias and other cardiac events, as well as suppressing the immune system and increasing the risk of infection. 31, 32 Increased coagulopathy is a concern; 31,32 however, mild hypothermia at the temperatures used in the current study (30°-32°C) appeared to induce no adverse effects either systemically or on local tissue perfusion.
This study has shown that intestinal I/R induces rapid microcirculatory breakdown in the mucosal layer with severe physiologic consequences. Whole-body hypothermia can maintain a functioning mucosal microcirculation and markedly improve animal survival after return to normothermic conditions. Intestinal I/R undoubtedly occurs in situations such as small bowel transplantation and aortic aneurysm repair. Therefore, the evaluation of hypothermia treatment in the clinical setting deserves further investigation. 
